Abstract
Introduction
The advent of functional brain imaging modalities such as fMRI and PET has allowed us to determine the specific brain areas involved in the production and control of motor tasks (Schaal et al. 2004; Diedrichsen et al. 2005; Shadmehr and Holcomb 1997) .
However, in order to fully understand motor control, it is critical to combine fMRI with techniques such as electromyography (EMG) which give an estimate of the level of muscle activation. By examining the changes in muscle activity during adaptation to novel tasks, a deeper understanding of the mechanisms behind learning is obtained (Franklin et al. 2003b; Osu et al. 2003) . The use of EMG to estimate the muscle activation is important as the brain does not simply control the force at the hand, but also regulates the impedance of the limb during interactions with the environment (Hogan 1984; Burdet et al. 2001; Franklin et al. 2003a ). Brain activation, therefore, is not only related to external variables such as kinematics or hand force, but is also related to other factors such as muscle force or muscle activation (Todorov 2000; Scott 2003) .
Furthermore, the acquisition of real-time EMG during functional imaging would allow for the accurate control of experiments using EMG feedback (Gomi and Osu 1998; Osu and Gomi 1999) in the scanner. Better monitoring and control of individual muscle activation would greatly increase the variety of motor experiments possible during fMRI and the reliability of the results from these experiments. For example, this could enable experiments separating control of force from control of muscle co-contraction.
However, recording EMG data during fMRI is a technological challenge. RF pulses and magnetic field gradients, used during the imaging for excitation and spatial localization of the protons, induce large imaging artifacts in any EMG leads. Additionally, motor control studies may involve limb movements that result in movement artifacts as the EMG wires move in the magnetic field. It is necessary to suppress all of these artifacts to obtain measurable EMG from recordings during scanning. We examined the various methods proposed in literature to remove fMRI artifacts from EMG, as well as electroencephalography (EEG) signals. Most of these are post-processing methods which are unsuitable for real-time artifact removal as they are either computationally expensive or require large averaging periods. Our objective was to develop a signal filtering system that is robust, computationally inexpensive, simple to implement and which enables good estimation of real-time EMG during fMRI.
Due to the large artifacts induced during scanning, one common strategy has been to completely avoid EMG recording during scanning. Several studies repeat the experiment outside the scanner to collect EMG, assuming that the EMG would be similar as when inside the scanner (Ehrsson et al. 2001; McIntosh et al. 2004; Milner et al. 2005 ).
Other studies use intermittent recording of EEG (Goldman et al. 2000; Baudewig et al. 2001 ) and EMG (Tanaka et al. 2004; Liu et al. 2000; Liu et al 2002) during short intervals in between scans when the noise is low. This technique is able to provide a good estimate of EMG in experiments where the muscle activity is maintained at a constant level for a long time. However, if the muscle activity is intermittent then it becomes necessary to align the stimuli with the intervals in the scanning. This may be possible for fMRI experiments with a 'blocked design' but for 'event related designs', requiring sparse sampling, alignment may reduce the population covered by the data points.
Among off-line processing methods, use of average artifact waveform subtraction is probably the most popular (Allen et al. 2000; Moosmann et al. 2003; Hiske van Duinen et al. 2005) . This method however, requires de-synchronization of the stimuli and brain scans and a long averaging period making online implementation difficult. High frequency EEG acquisition during fMRI is possible by customizing the EPI sequence to create short artifact free periods (Anami et al. 2003) . However, the customized and complex acquisition system reported still requires average artifact removal after acquisition before a clean signal is obtained. Other computationally intensive off-line methods include subtraction of an artifact template in the frequency domain (Sijbers et al.
1999) and temporal Principle Component Analysis (Michiro et al. 2004).
A real-time artifact removal system reported for EEG (Gareffa et al. 2003 ) uses initial recordings of the MR artifact to determine the waveform of the EPI artifact for subtraction from subsequent EEG data. However, the higher frequency content of EMG, which requires precise signal synchronization, and changes in the artifact over time, could produce particular problems in adapting this technique for EMG recording.
It has been shown that the major part of the artifacts during fMRI using gradientecho echo-planar imaging (EPI) are concentrated in particular frequencies and can be effectively reduced by removal of these frequencies from the signal (Hoffmann et al. 2000) . However, the proposed method relies on post-processing and has been used specifically to detect epileptic spikes in EEG which allows low pass filtering below 40 Hz.
We extend this method for real-time artifact removal in EMG which has a much larger frequency band (20-250 Hz) and hence larger artifact content. We propose an acquisition setup and a simple comb filter algorithm that enable real-time artifact removal from EMG during fMRI scanning. Comparisons with the EMG obtained from our algorithm with the noise-free EMG obtained in the absence of image artifacts show that the cleaned EMG is a very good estimate of the actual EMG. The proposed algorithm can work for both 'block' and 'event related' fMRI without requiring any stimuli synchronization with the scanner or changes in the scanning protocol.
Materials and Methods

Theory
The artifacts induced in the EMG lines can be classified as RF pulse artifacts, gradient field artifacts and movement artifacts. The artifacts due to the RF field (42.58
MHz/T for our scanner) are of much higher frequency than EMG and can be removed by low-pass filtering. In our case, we choose to use a separate RF filter so as to ensure that the RF noise does not saturate the input channels of the EMG amplifier. Gradient artifacts are induced by the gradient magnetic fields used during imaging for spatial encoding. The frequency range of the gradient field artifacts covers the entire EMG spectrum and thus cannot be removed by a low-pass filter and form the major part of the imaging artifacts in the EMG lines. The amplitude of the induced artifacts is given by Faraday's Law as max max
where V max is the peak amplitude of the artifact, B is the magnetic field and A represents the loop area. The maximum field gradient for our scanner is (dB/dt) max = 27 Ts -1 at a slew rate of 72 Tm -1 s -1 . Taking a conservative estimate for the loop area as 10 cm 2 , we get a maximum gradient artifact of 54 mV (pk-pk) in the channels. In comparison, the amplitude of raw EMG is a few millivolts. Even though the noise magnitude is considerably higher than the raw EMG signal, the significant fact is that it is well below the input range of 500 mV of our EMG amplifier, which ensures that no part of the noise signal is cut off during acquisition. Movement artifacts are induced due to the movement of the conductive loop formed by the electrodes and the neighboring wires in regions where the magnetic field is not uniform and due to the change in the apparent loop area with the motion of the wires. The conductive loop is essentially fixed to the subject limb by the electrodes. Therefore as long as the wires are firmly fixed, the movement artifacts are in general concentrated around frequencies contained in the movement tasks, which rarely exceed 5 Hz (In our present task the artifacts were found to be below 3 Hz).
Presuming the movement artifacts are not large enough to saturate the input channels, they are removed effectively by high pass filtering of the data above 20 Hz.
During fMRI using gradient-echo EPI, the RF pulse and the gradient fields are applied repetitively to acquire image slices of the brain, with one complete brain volume (scan) acquired every 'repetition time'(TR). Due to the nature of the scanning protocol, which repeats for every image slice, the imaging artifacts also repeat with a frequency equal to the slice acquisition frequency. The image sequence repeats every 98.6 ms (10.2
Hz) corresponding to the slice acquisition time (for a TR=5 sec). The sequence is very repeatable except for short periods in between every scan. A major chunk of the power in the noise is thus contained in the harmonics of the slice acquisition frequency (Fig. 1) .
The noise can thus be effectively reduced by removing these particular frequencies from the data (Hoffmann et al. 2000) . We propose a linear comb filter for this purpose (see Filter Implementation) which is easy to implement, computationally inexpensive and can be thus implemented for real-time noise cancellation. Temporally concentrated inter-scan artifacts left over after the comb filtering operation are then removed using a simple zero order hold on the output.
The signal is band-pass filtered between 20-250 Hz before passing into the comb filter. High-pass filtering above 20 Hz helps to remove movement artifacts and any temporal drifts present in the signal. Low-pass filtering below 250 Hz preserves most of the useful EMG data while reducing digitization errors, which increase with frequency and lead to clipping of signal peaks.
Electromyography
In our setup EMG was recorded from four muscles acting at the wrist (flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), extensor carpi radialis longus (ECRL) and extensor carpi ulnaris (ECU). After electrode placements for each muscle were determined using functional movements, the area was cleansed with alcohol and abrasive gel (Nuprep, D.O. Weaver & Co, USA). EMG electrodes designed for use in the MR environment (NE-706A, Nihon Kohden, Japan) were filled with EEG electrode paste (Biotach, GE Marquette Medical Systems, Japan) and firmly fixed to the subjects skin with tape. Two electrodes were positioned on the belly of each muscle separated by approximately 1 cm. An elastic cloth sleeve was placed over the electrodes and wires, fixing them against the subjects forearm to avoid any accidental electrode removal and to minimize movements of the electrode wires during the scanning. Once the subject was positioned in the scanner the long braided electrode wires were firmly fixed to prevent movement in the magnetic field. To avoid external noise being carried into the shielded MR room, the electrode wires were passed through multiple ferrite filters before passing through wave guides in the penetration panel of the MR room. The ferrite filters doubled up as filters for the high-frequency RF noise induced in the electrodes. The RF filtered signals were band-pass filtered between 20-250 Hz (-6 dB/octave, low-pass; -12 dB/octave, high-pass) and amplified using a Nihon Kohden filter-amplifier (MME-3132).
The gain of each channel was adjusted to accommodate the complete noisy signal within the input range of the amplifier. The amplifier also contained a 60 Hz AC filter which could be switched on if required to remove any noise from the power-line used. All electromyography equipment except for the electrodes and their wires were located outside of the scanning room.
Our primary concern was for the safety of the subjects during the experiments.
The RF and gradient fields can induce large currents in the conducting loop formed by the subject, electrode wires and amplifier. This was prevented by the large input impedance of our amplifier (~100 M ), narrow gauge of the MR electrode wires and by low-pass filtering every input. Local capacitive loops between the electrode wires are prevented by the low capacitance (0.5 nF) of the MR compatible electrodes wires.
Furthermore, specially designed webbings on the MR electrodes helped to decrease eddy currents and prevent heating of electrodes during experiments.
Following amplification, the signal was digitized at 5 KHz using a 12-bit AD converter (on a National Instruments PCI 6024E DAQ card). The artifact removal algorithm was implemented on a computer running xPC target real-time system 1 . xPC
Target environment uses a 'target PC', separate from a 'host PC', for running real-time applications. In our experiments the target PC was used to run the cleaning algorithm while the host PC handled the visual display to the subjects
Filter Implementation
Let f(k) represent the k th real-time observation of the noisy signal after band pass filtering between 20-250 Hz. f(k) is the summation of the EMG signal e(k) and EPI artifact, n(k).
The comb filter is implemented by a p th order difference equation and is represented in time space as-
where o(k) is the output of the algorithm and B represents the backward shift operator 
Since the artifacts are concentrated in the multiples of the slice acquisition frequency (w a = 2 /t a ) and the artifact waveform repeats with a time period equal to the slice acquisition time t a , we have n(k)=n (k-p) . Therefore the second term in Eqn. 3 tends to zero leading to artifact removal from the EMG signal. The effect of the filter on EMG signal e(k) is similar and EMG frequencies that are multiples of w a are subjected to a gain of zero. The gain on the intermediate frequencies varies between zero and one ( Fig. 2A ).
The phase lag introduced by the filter is also shown in Fig. 2B . The phase lag however, is not of major concern to us as the cleaned EMG is rectified and integrated over a large moving window that is more than twice the maximum time lag introduced by the filter.
Cleaning and Visual Feedback
Even though the scanner noise is largely repetitive, the cycle is broken for a short period between scans. The artifacts during this inter-scan period are no longer concentrated in particular frequencies. Thus these 'inter-scan artifacts' are not removed by the comb filter. However, these artifacts are temporally concentrated for a period of around 100 ms after each scan. By monitoring the sequence related trigger of the MR system, it is possible to determine the exact period after every scan when this noise is present. In order to remove the inter-scan artifacts, data from the comb filter is subjected to a zero-order hold for a period of 200 ms after each scan. The hold value is taken as the average of the absolute cleaned EMG from a short period before the hold. While a shorter averaging period ensures better extrapolation of the current muscle activity, the chosen averaging period should be long enough to have an adequate number of data points to get a reliable average value. An average of 50 ms was chosen for our experiment, but a different period length may be chosen according to the experiment task. The cleaned EMG attained after passing through the comb filter, followed by inter-scan artifact removal, can now be smoothed as required for visual display. In our present setup we use a 500 ms moving average to obtain the EMG profile, corresponding to previous psychophysical online feedback studies (Gomi and Osu 1998; Osu and Gomi 1999) . The EMG profile is monitored by the host PC at 20 Hz and can be used for real-time EMG feedback to the subject.
Validation Experiment
Three healthy male subjects (23, 26 and 33 years of age) participated in the experiment to validate the EMG cleaning algorithm. The institutional ethics committee approved the experiments and subjects gave informed consent prior to participation. A one degree of freedom MR compatible interface (Gassert et al. 2006 ) was used to restrain the subject's forearm and wrist to an isometric posture using a plastic splint and straps while the subject contracted his muscles (Fig. 4 ). This device also contained a custom MR-compatible optical torque sensor which was used to collect wrist joint torque during the experiment.
The experiment consisted of isometric wrist contractions in both the flexion and extension direction during scanning. The subject's hand was firmly fixed to the handle of the MR compatible manipulandum. Subjects were presented with visual feedback of the torque applied to the manipulandum in the form of a torque bar whose length and direction indicated the magnitude and direction of the applied torque. One of three flexion and three extension target torque levels ( 7Nm ± max.) were displayed in a random order every ten seconds. The subject was instructed to slowly increase the torque bar to the target level in about 1 -2 sec and hold it throughout the target display period.
Once a new target appeared, subjects initially relaxed for a period of one second and then slowly produced enough torque to match the new torque target. Each target level was presented four times during one session. All experiments were performed both with and without functional imaging. These two experiments were performed one following the other, without moving the subject or electrodes so that a direct comparison of the EMG signal can be made. A short rest period of 3 -4 min was provided between experiments to ensure that the subject is not fatigued.
A big advantage of this technique for obtaining an on-line measure of EMG compared to other methods such as interleaved EMG recording (Tanaka et al. 2004 ) is that this technique is able to obtain information about continuously changing EMG levels throughout the scanning. In order to demonstrate this ability, an additional session was performed with one subject, where the subject was asked to make quick flexion and extension wrist torques in the isometric condition without maintaining a constant force level as in the previous experiment. The torque values in this session were constantly changing and usually lasted about three seconds before changing directions, for example from flexion to extension. Data from this experiment was used to check the algorithm's performance for higher activation frequencies. 
Analysis
In order to evaluate the accuracy of the algorithm, analysis of the cleaned EMG data was performed and compared to data recorded in the absence of fMRI scanning. The data for each muscle was plotted against joint torque and linear regression against joint torque was performed for flexion and extension directions separately. The correlation coefficient (r 2 ) was used to determine the extent to which the EMG measure was correlated with joint torque, for sessions both with and without scanning. Best-fit lines were calculated using linear regression to examine the way in which the muscle activity scaled with joint torque.
For graphing purposes, the data for each muscle was collected across all of the trials. The EMG values were then separated into twelve equally sized bins depending on the joint torque level recorded at that time. For each bin, the mean and standard deviation of the data was determined and plotted at the location of the mean joint torque for the bin.
Results
Before cleaning is performed, the EMG signal largely consists of imaging artifacts from the scanner (Fig. 5A ). After passing through the comb filter, a majority of the image artifacts are removed. The EMG can already be seen in the signal (Fig. 5B ), but it is still corrupted by inter-scan artifacts. The inter-scan artifacts are concentrated over a period of around 100 ms and repeat after time intervals corresponding to the TR of the scan. The signal after removal of the inter-scan artifacts (Fig. 5C ) looks very similar to the artifact free (no-fMRI) EMG (Fig. 5D ). Fig. 5E shows the corresponding torque profile over the same time period. Upon zooming in to a smaller time interval (Fig. 5F ), the cleaned and actual EMG still look similar but at this scale the lower density of the cleaned EMG, due to removal of part of the EMG power, is now clearly visible. Also visible at the higher magnification is the 200 ms hold used to remove the inter-scan artifacts. The lower density of the cleaned signals leads to a lower integrated value for the cleaned EMG in comparison to the actual EMG (Fig. 5G ).
The mean EMG was compared against corresponding joint torque. The correlation coefficients r 2 for the cleaned EMG and no-fMRI EMG for all the subjects and muscles are given in Table. 1. In one subject the ECU muscles showed very low signal to noise ratio in recordings without scanning and was therefore not recorded during scanning. The plot of mean EMG against torque for one flexor and one extensor muscle for each of the three subjects is shown in Fig. 6 . Clearly both the cleaned EMG and the EMG recorded without scanning exhibited linear relationships with either the negative or positive torque depending on the action of the muscle, thus showing good correlation between cleaned and the no-fMRI (actual) EMG. The initial trials were performed with large target torque range ( 7Nm ± ) and therefore large muscle activity. In order to confirm that the method works well over all ranges of muscle activity, a smaller torque range ( 1.5Nm ± ) was also used with two of the subjects. Over this smaller torque range the cleaned EMG still shows a linear response to joint torque with large r 2 values ( Experiments performed in the control session, in the absence of the EMG setup, showed similar brain activations as in the sessions with EMG (Fig. 8A, B) . Activation was observed in parts of the left motor cortex including M1 and the pre-motor regions, SMA and in the right cerebellum, in agreement with the literature on activation of the muscle in the right hand (Milner et al. 2005; Kawashima et al. 1995) . Furthermore, the contrast of the brain images from the active phases of the EMG and control sessions gave no significantly active voxels even at a low threshold (p<0.001, uncorrected, zero-voxel threshold) (Fig. 8C) . Thus it was concluded that the EMG system is compatible with the scanner and does not induce any significant noise in the brain images.
Discussion
Our work shows that a simple comb filter can provide real-time noise reduction in EMG signals during fMRI scanning with minimum complication. Comparison with artifact free EMG collected in the absence of scanner noise showed good similarity between the EMG profiles between the two even when viewed over a shorter time period (Fig. 5C, D, F) . The cleaned integrated EMG linearly scaled with torque, similar to the EMG recorded without scanner noise (Fig. 6 ), hence also showing that cleaned EMG has a good correlation to the underlying muscle activation over a wide range of levels. This was further supported by evidence that the algorithm can even detect activity during weak contractions (< 0.3 Nm). These properties suggest that the cleaned EMG resulting from the algorithm can be used for providing EMG feedback during fMRI experiments..
In our present prototype system we use a simple linear filter for noise removal.
The simplicity of the filter makes it easy to implement, computationally inexpensive and easy to realize for real-time applications. However, the filter removes parts of the EMG spectrum due to its gain profile (Fig. 2) , leading to a loss of about 35% of the EMG spectrum in theory. Thus for experiments involving EMG spectral analysis, other off-line cleaning methods are recommended. In future, nonlinear comb filters may be implemented with sharper gain profiles to reduce the spectrum loss considerably. On the other hand, even with the simple linear filter the output 'cleaned' EMG looks very good because of the fact that the EMG power spectrum is relatively smooth and there are no sudden changes in the power content across neighboring frequencies. Thus even with the loss of a relatively large percentage of the spectrum the algorithm is able to capture the EMG waveform well. The loss in power is apparent in the y-axis labels of the results figures where the integrated cleaned EMG is always less than the normal EMG for a given level of joint torque. However, this is simply a scaling down of the EMG level and does not affect the ability to detect the muscle activity itself. The variability of the EMG, as indicated by the standard deviation of the values (Fig. 6) , is similar both with and without scanning, relative to the mean value of the EMG.
Even though it was expected that the ratio of the slopes of the cleaned and nofMRI EMG would be same for all channels, this was found not to be so in practice (Fig.   6 ). This was because although the major part of the noise is concentrated in the slice frequency harmonics and is removed by the algorithm completely, there is some noise present in the frequencies adjacent to the harmonic frequencies which is attenuated but not completely removed. This residual noise varies within channels depending on their individual spatial placements and leads to differences in the slopes of the integrated cleaned EMG in Fig. 6 . However the noise, and hence the slopes, remain the same as long as the position of the subject was not changed, as seen from Fig. 6A and Fig. 7B where the same muscle is plotted in two different sessions.
The order of the digital filter is extremely important for the good performance of the algorithm. This order is determined by the slice acquisition time (t a =TR/number of slices) and hence the time period of the noise cycle. Commonly specified TR values are usually rounded off to the nearest half second. However, due to preparation time taken by some scanners, the actual TR during scanning is 60-70 ms (70 ms for our scanner) less than the specified TR value. This leads to a difference of 2-3 ms in t a . Due to the large magnitude of the artifacts, this small error can reduce the signal to noise ratio of the cleaned EMG significantly. We thus provide the possibility of fine-tuning the filter order online, during EMG collection.
The inter-scan artifact are removed using a zero order hold for every 200 ms between scans. EMG during this period is estimated from the previous 50 ms. Again this method was used in the prototype system as it is simple to implement. However, more accurate methods like mean waveform subtraction may be used for this period as the frequency content of the inter-scan artifact is low. Furthermore, during a major part of the inter-scan period the artifacts are negligible and clean EMG can be obtained without any artifact filter (Liu et al. 2000 , Liu et al. 2002 . The RF artifact magnitude varied between channels, possibly due to the positioning of the electrode. In some of the channels an additional zero-order hold during the period when the RF noise is present (in our setup, first 25 ms of a slice acquisition) improved the signal to noise ratio significantly, especially when the EMG values were low.
Movement artifacts are induced by the movement of the electrodes and wires in the magnetic field. In isometric experiments, both single and multi-joint, these artifacts originate from the small movement of the skin and the limb on which the electrodes are fixed and are generally small in magnitude. Among non-isometric experiments involving limb movements, wrist and finger experiments produce less artifacts as there is little movement of the forearm where the electrodes are fixed. However, in the case of multijoint movements, artifacts can be larger in magnitude and frequency. To minimize movement artifacts, EMG wires should be fixed and run along limbs and the fmri bed without forming any loops near the scanner. The workspace of the experiment should be made as small as possible and should be located as close as possible to the axis of the bed and the center of the scanner bore, where the magnetic field is more uniform. Generally speaking, the movement frequency content in most of the motor tasks is below 5 Hz and a high pass cut-off of above 20 Hz should be sufficient to remove movement artifacts.
However for motor tasks involving sudden obstacles and perturbations, a higher cut-off frequency may be chosen if required. Note that the algorithm is able to remove the movement artifacts provided the input channels are not saturated. An EMG amplifier with a large input range is thus preferred for multi-joint movement studies.
Even though we collect EMG in a 1.5 Tesla scanner, present day experiments often use EPI at 3 Tesla for human subjects. However as EPI principally involves repetitive application of magnetic fields, the noise is always concentrated in the harmonics of the slice acquisition frequency of the scanner. Thus with proper tuning of the filter order, the algorithm can be effectively used for stronger scanners as well. fixed to the handle of the MR compatible manipulandum using Velcro straps and a hard plastic splint. An elastic cloth sleeve was put over the subjects forearm to prevent accidental removal of the electrodes and minimize wire movement during the experiment.
The axis of the MR compatible torque sensor (located below the subject hand) was aligned with the axis of rotation of the wrist. The subject performed isometric flexion and extension contractions of the wrist in this setup. Activations were observed in parts of the left M1, pre-motor, SMA and right cerebellum corresponding to observations reported in literature. C) The contrast of the active phases of the two sessions however gave no significant activity even at a low threshold of p<0.001, uncorrected, zero voxel threshold. This showed that the EMG setup does not indice any artifacts in the fMRI images. in the control session without the EMG setup, shows very similar activity. Activations were observed in parts of the left M1, pre-motor, SMA and right cerebellum corresponding to observations reported in literature. C) The contrast of the active phases of the two sessions however gave no significant activity even at a low threshold of p<0.001, uncorrected, zero voxel threshold. This showed that the EMG setup does not indice any artifacts in the fMRI images.
